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Abstract

Receptor protein tyrosine phosphatases (RPTPs) are extensively expressed in the central nervous
system (CNS), and have distinct spatial and temporal patterns in different cell types during
development. Previous studies have demonstrated possible roles for RPTPs in axon outgrowth,
guidance, and synaptogenesis. In the present study, our results revealed that protein tyrosine
phosphatase, receptor type D (PTPRD) was initially expressed in mature neurons in embryonic
CNS, and later in oligodendroglial cells at postnatal stages when oligodendrocyte undergo active
axonal myelination process. In PTPRD mutants, oligodendrocyte differentiation was normal and a
transient myelination delay occurred at early postnatal stages, indicating the contribution of
PTPRD to the initiation of axonal myelination. Our results also showed that the remyelination
process was not affected in the absence of PTPRD function after a cuprizone-induced
demyelination in adult animals.
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INTRODUCTION

Development of the myelination process requires dramatic changes in the pattern of gene
expression (Wegner, 2000). It is clear that exposure of cells to extracellular signals leads to
changes in gene expression which assure appropriate physiological and biological responses
during development. The most common regulatory mechanism involves protein
phosphorylation and dephosphorylation of various transcriptional factors (Hunter and Karin,
1992, Hill and Treisman, 1995). Within these signal transducing pathways, the interaction
between extracellular signaling molecules and their specific membrane receptors is the first
step. Previous studies showed that in vertebrates, the Type Ila receptor tyrosine
phosphatases (RPTPs) which consist of Leukocyte antigen-related (LAR), protein tyrosine
phosphatase, receptor type S (PTPRS) and type D (PTPRD) are highly expressed in the
developing nervous system (Sommer et al., 1997, Schaapveld et al., 1998, Tian et al., 1999,
Johnson and Van Vactor, 2003, Thompson et al., 2003). The extracellular regions of Type
Ila RPTPs resemble cell adhesion molecules as they all contain multiple extracellular Ig-like
domains and two to nine type-I11 fibronectin repeats. Both the 1g-like domains and
fibronectin repeats are known to participate in cell-cell and cell-matrix interactions
(O’Grady et al., 1998, Haj et al., 1999). This suggests a role of these RPTPs in cell surface
recognition or cell adhesion besides their dephosphorylation function. Consistently, Type lla
RPTPs are known to be concentrated in axons and growth cones (Stoker, 1994, Gershon et
al., 1998, Zhang et al., 1998), raising the possibility that these adhesion surface molecules
may participate in axon-glia interaction and axonal myelination.

To investigate the possible involvement of protein phosphorylation and dephosphorylation
in oligodendrocyte differentiation and axonal myelination, we recently performed a large-
scale screening of RPTP expression by RNA in situ hybridization in perinatal CNS tissues.
In this study, we reported that PTPRD, a member of Type lla RPTPs, was transiently
expressed in mature myelinating oligodendrocytes at postnatal stages. Analysis of PTPRD
knock-out mice revealed a developmental delay during early myelination, suggesting a
potential function of PTPRD in CNS myelination process. However, the differentiation of
OPCs was not significantly affected during development and after the cuprizone-induced
demyelination.

EXPERIMENTAL PROCEDURES

Mice

Mice were housed under standard laboratory conditions at the animal facility of the
University of Louisville. All experimental procedures conformed to National Institutes of
Health guidelines and were approved by the Institutional Animal Care and Use Committee
at the University of Louisville.

The Oligl and PTPRD homozygous null pups were obtained by the interbreeding of
heterozygous animals. CNP*/c"¢;Nkx2.2f/fl mice were obtained through intercross between
Nkx2.2 floxed mouse lines and CNPC"® transgenic mice. Genomic DNA extracted from tails
was used for genotyping by Southern analysis or by PCR. Genotyping of PTPRD, Olig1,
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Nkx2.2, CNPCre and Nkx2.2 floxed mutants were described earlier (Lu et al., 2000, Uetani
etal., 2000, Qi et al., 2001, Lu et al., 2002, Lappe-Siefke et al., 2003, Uetani et al., 2006,
Mastracci et al., 2013).

Immunofluorescence and immunohistochemistry

Postnatal mice were fixed by cardiac perfusion with 4% paraformaldehyde (PFA). Brain and
spinal cord tissues were dissected out and fixed in 4% PFA at 4 °C overnight. Following
fixation, tissues were transferred to 20% sucrose in PBS overnight, embedded in OCT media
and then sectioned (20 um thickness) on a cryostat. After rinsing with PBS, sections were
permeabilized in 0.1% Triton X-100 in PBS, incubated in blocking solution (5% normal
serum in PBS plus 1% BSA) at room temperature for 1 hour, and incubated in diluted
primary antibody in blocking solution at 4°C overnight. The next day, sections were washed
in PBS and incubated in the secondary antibody in blocking solution at room temperature
for 1 hour. After incubation, sections were washed in PBS and mounted in Mowiol
mounting medium on glass slides. The dilution ratio of primary antibodies is as follows:
anti-mouse Olig2 (1:3,000, gift from Drs. Stiles and Alberta), anti-mouse APC/CC1 (1:50,
Oncogene), anti-mouse MBP (1:5000, Chemicon). The Alexa-488 or Alexa-594 conjugated
secondary antibodies were obtained from Molecular Probes (Eugene, OR).

In situ RNA hybridization

In situ RNA hybridization or the combined immunohistochemistry and in situ hybridization
(ISH) was performed as described in Schaeren-Wiemers and Gerfin-Moser (Schaeren-
Wiemers and Gerfin-Moser, 1993) with minor modifications.

Ultrastructural analyses of myelin structures

Wild-type and PTPRD mutant littermates from various age groups (P4, P7, P14) were
cardially perfused with 3% glutaraldehyde in 0.1 M cacodylate buffer, pH7.2., spinal cord
(at T6 level) were removed and postfixed for overnight. Tissues were then washed several
times with cacodylate buffer, postfix in 1% osmium tetroxide for 1 h, washed again with the
buffer before dehydration through a series of graded alcohol. Fixed tissues were
subsequently embedded in epony plastic and sectioned at 800-1000 A on a diamond knife
and mount on 200 mesh copper grids. Ultra thin sections were stained with uranium acetate
and lead citrate, and examined under a Philips CM10 EM.

For statistical analyses of axonal myelination, the number of axons that were wrapped by
compact myelin sheaths was calculated from each micrograph for each genotype (n v3).
Statistical significance (p value) was assessed by Student’s t test. The areas of myelinated
fibers and inner axons were calculated by Photoshop CS6. Statistical significance for g-ratio
analysis was analyzed with SigmasStat using the Mann-Whitney (rank sum) test. Statistical
significance was set at P<0.05.

Western blotting

Spinal cord tissues were removed from the anesthetized mice and lysed in tissue lysis buffer
(Sigma) with protease inhibitor cocktail (Sigma). A 20 or 40 g protein from control and
transgenic mouse tissues were loaded for SDS-PAGE electrophoresis and subsequently
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detected with rabbit anti-MBP (Millipore) according to the standard protocol. -actin was
used as an internal control.

Electrophysiology

All transcranial magnetic motor-evoked potential (tcMMEP) recordings were obtained from
awake, non-anesthetized, restrained mice. To perform the ttMMEPs in wild-type and
PTPRD mutant mice (n = 4), the edge of the 5 cm diameter stimulating coil was placed at
the inion with the coil tilted at a 45° angle. A single maximal MS (100%) elicited
descending motor potentials. Hind limbs were exposed through the stockinet with electrodes
placed into both gastrocnemius muscles. Bipolar platinum needle electrodes were used, with
the active electrode inserted into the muscle belly, and the reference electrode placed into
the muscle tendon. The ground electrode was positioned into the tail. Interelectrode
impedances were maintained below 3.5-5 K. The amplifier gain ranged between 1 and 2
K, and the bandpass filter was 10-3000 Hz. Evoked responses were displayed on the
Cadwell Excel monitor (Cadwell Laboratories, Kennewick, WA).

Beam walking assay

Mice were evaluated using a graded series of metal beams (24.13 cm in length) of various
widths: 2, 1.6, 1.2, 0.8, and 0.4 cm. The beams were suspended (15 cm high) across a plastic
tank filled with 5-6 cm of soft bedding. The narrowest beam each mouse could traverse was
recorded, along with the number of errors across four trials. Hindpaw and whole-body falls
were both counted as errors. Data for this test were obtained by taking the average of four
trials per beam per animal.

Cuprizone treatment

Wild-type and PTPRD mutant littermates at age of 8-10 weeks were fed a diet of ground
mouse chow containing 0.2% cuprizone (w/w) (biscyclohexane oxaldihydrazone; Sigma-
Aldrich) ad libitum for 6 weeks to induce demyelination. Remyelination was assayed by
returning mice to normal chow for 1 week following 6 weeks of cuprizone treatment.
Control mice were maintained on a normal diet for the duration of the experiment.

RESULTS

PTPRD is selectively expressed in mature oligodendrocytes

To investigate the role of PTPRD in axonal myelination, we first examined its expression in
the developing spinal cord by in situ RNA hybridization (ISH). Throughout embryonic
development, PTPRD was mainly expressed in motor neurons in the ventral gray matter of
the spinal cord (Fig. 1A, A’). However, starting at around postnatal day 1 (P1), PTPRD was
detected in the white matter of the spinal cord (data not shown). Its expression was
progressively increased between P3 and P15 (Fig. 1B-D) and then gradually down-regulated
afterwards. By P30, PTPRD expression is restricted only to the gray matter region (Fig 1E,
E’). The marked up-regulation of PTPRD in white matter between P7 and P15 when
oligodendrocytes undergo active myelination suggested that this receptor molecule is likely
expressed in mature myelinating oligodendrocytes. This possibility was examined by
PTPRD ISH followed by anti-APC immunohistochemical staining (Fig 2A-C). In the CNS,
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APC is specifically expressed in differentiated oligodendrocytes (Bhat et al., 1996,
Southwood et al., 2004). Double labeling experiments revealed that many PTPRD+ cells co-
expressed APC in P7 spinal cord tissue (Fig 2 A-B), especially in the white matter region.
In addition, PTPRD+/APC+ double positive cell are also found in the white matter (corpus
callosum) of the forebrain (Fig 2C). Thus, PTPRD is selectively expressed in differentiated
oligodendrocytes in the developing CNS.

To further confirm the selective expression of PTPRD in mature oligodendrocytes, we also
examined the PTPRD expression in the Oligl and Nkx2.2 mutant spinal cords, in which the
differentiation, but not the generation, of OPCs is inhibited (Qi et al., 2001, Lu et al., 2002,
Zhu et al., 2014). Consistent with the idea that PTPRD was expressed in mature
oligodendrocytes, expression of this receptor was significantly diminished in the white
matter of P4 spinal cords of both Oligl™~ and CNP*/cré;Nkx2.2flox/flox mytants (Fig. 2 D-
F). Expression of PTPRD in motor neurons in the gray matter was not affected.

Oligodendrocytes differentiate normally in PTPRD mutant mice

The selective expression of PTPRD in differentiated oligodendrocytes raised the possibility
that PTPRD may participate in the oligodendrocyte maturation and myelination process.
Therefore, we investigated the expression of several mature markers including APC, MBP
and PLP in the PTPRD mutant spinal cords. No apparent difference was detected between
wild-type and mutants from P4 to P14 (Fig. 3A-D’, Fig. 4). Comparable MBP expression in
wild-type and mutant spinal cords was further verified with Western immunoblotting from
P7 up to postnatal 2 months (Fig. 3E). These data suggest that mutation of PTPRD did not
significantly affect oligodendrocyte differentiation and myelin gene expression.

PTPRD mutation results in a transient axonal myelination defect

Next we analyzed the myelin ensheathment in PTPRD mutants (Fig. 5). Axons in mouse
spinal cord started to be myelinated as early as at P4 (Fig. 5A, A'), and fewer axons were
myelinated in PTPRD mutant spinal cords at P4 and P7 (Fig. 5D). Also, g-ratio (the ration of
axon diameter/fiber diameter) was increased significantly in PTPRD mutants (0.9+0.006) as
compared to wild-type (0.82+0.01) at P4, indicating the reduced thickness of myelin sheaths
in the mutants (Fig. 5E). Interestingly, no significant difference was found in the number of
myelinated axons and g-ratio between wild-type and PTPRD mutant starting from P14 (Fig.
5D). Thus, there appears to be a mild delay of CNS myelination in the spinal cords of
PTPRD mutant mice.

Normal response of adult PTPRD mutant mice in the electrophysiological experiments and
behavior tests

We also performed transcranial magnetic motor-evoked potential (tcMMEP) in adult
PTPRD knockout mice as a means to evaluate conduction through long descending motor
pathways (Fehlings MG, 1987, Magnuson DS, 1999, Loy DN, 2002, Cao Q and SR, 2005a,
Cao Q, 2005b, Beaumont E, 2006). No remarkable difference in latency (Fig. 6A) and
amplitude (Fig. 6B) was found between PTPRD knockout and wild-type littermates.
Similarly, locomotor function assessed by beam walking behavior score did not change in
PTPRD mutant group (Fig. 6C).
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Regenerated OPCs differentiate normally in a cuprizone-induced demyelination model

To study the possible function of PTPRD in axonal demyelination and remyelination, we
created a chemical-induced demyelination model through cuprizone treatment. We observed
an increased expression of PTPRD in regenerated oligodendrocytes during remyelination
stage, suggestiong potential roles of PTPRD in differentiation of regenerated OPCs (Fig. 7).
After being fed with cuprizone food for 6 weeks, both wild-type and PTPRD mutant mice
exhibited a severe demyelination of the corpus callosum (Fig. 8B-B’, E-E’, H-H’). After one
week of recovery by removing the cuprizone food, comparable APC, MBP and PLP
expression were detected in corpus callosum of mutants (Fig. 8C-C’, F-F/, I-I). These
results indicated that PTPRD is not essential for axonal demyelination and remyelination.

DISCUSSION

The level of protein tyrosine phosphorylation inside cells is exquisitely balanced by the
activities of both protein tyrosine kinases (PTKSs) and protein tyrosine phosphatases (PTPs).
PTPs are originally believed to terminate signaling pathways initiated by PTKs. However,
now it has been appreciated that through removing inhibitory phosphates, they can also
activate kinases and other enzymes (Sallee et al., 2006). Mounting evidence suggests that
PTPs are involved in oligodendrocyte maturation and axonal myelination. Many PTPs,
including SHP-1, PTPa, PTPB/C, PTPe and PTPy, are reported to be expressed in
oligodendrocyte cells (Levy et al., 1993, Sahin et al., 1995, Ranjan and Hudson, 1996,
Massa et al., 2000). Similarly, the present study demonstrated that PTPRD is exclusively
expressed in myelinating oligodendrocytes.

Functional analyses revealed that mice with deficiency in SHP-1 display diminished
myelination in the spinal cord (Massa et al., 2004). PTPB/C mutant mice exhibit reduced
survival of mature oligodendrocytes following inflammatory demyelination (Harroch et al.,
2000, Harroch et al., 2002). Furthermore, broad-spectrum blockade of PTP activity in vitro
prevents oligodendrocyte differentiation (Ranjan and Hudson, 1996). Given the fundamental
function of other PTP members in oligodendrocyte development, it is conceivable that
PTPRD exclusively expressed in myelinating oligodendrocytes might involve reversible
phosphorylation process and control oligodendrocyte myelination. In addition, PTPRD is
known to bind homophilically in vitro, and this homophilic interaction serves to promote
neurite outgrowth and adhesion in cultured forebrain neurons (Wang and Bixby, 1999).
Since PTPRD is expressed in both axons and myelinating oligodendrocytes and is capable of
binding homophilically, it is plausible that PTPRD participates in the axonal-
oligodendroglial adhesion and regulates myelin sheath formation by homophilic interaction.

Similar expression of mature oligodendrocyte markers in postnatal spinal cords of wild-type
and PTPRD mutants (Fig. 3—-4) suggests that PTPRD is not essential for oligodendrocyte
differentiation, in keeping with the observation that it is only up-regulated in mature
oligodendrocytes. However, in PTPRD mutants, there is a mild defect in the early CNS
myelination (Fig. 5), suggesting PTPRD may play an important role in initiating axon-
oligodendrocyte recognition and conveying extracelluar signals inside to start myelination
process. Intriguingly, this myelination defect is transient (overcome by P14). Consistently,
adult PTPRD homozygous mutants are viable and display no gross motional problems.
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Electrophysiological and behavior studies did not detect significant changes in axonal
electrical transmission in adult PTPRD mutant littermates (Fig. 6).

The cuprizone model is widely used to study experimental demyelination and remyelination
in rodents. Spontaneous remyelination occurs in the corpus callosum after removal of the
toxin (Matsushima and Morell, 2001, Liu et al., 2010). In our study, a complete
demyelination was induced in the corpus callosum area after 6-week cuprizone treatment
(Fig. 8B—H’). However, we did not find significant differences in differentiation and myelin
gene expression of newly generated OPCs between PTPRD mutant and wild-type mice
during the first week recovery (Fig. 8C-I").

Despite the strong up-regulation of PTPRD expression in mature myelinating
oligodendrocytes, the relatively mild phenotype in axonal myelination has raised the
possibility of functional redundancy from other related molecules. It is known that RPTPs
are composed of a large family, and the loss of function of one member could be easily
compensated by the presence of other family members. For example, PTPRD and PTPRS
have been proven to have complementary function in axon targeting in the developing
mammalian nervous system (Uetani et al., 2006). In addition, non-receptor protein tyrosine
phosphatase such as SHP2 has also been implicated in the control of oligodendrocyte
differentiation and myelination formation (Zhu et al., 2010). Future studies are needed to
investigate these possible functional redundancies in axonal myelination with compound
mutants. In addition, many other surface adhesion molecules including integrin, Necl1,
Necl4 have been implicated in axon-oligodendrocyte interaction (Buttery PC 1999, Park J
2008, Barros CS 2009, Laursen LS 2011, Zhu Y 2013). Thus, axonal myelination in the
CNS appears to be controlled by multiple surface factors, and this could explain why
disruption of one particular factor leads to mild or no phenotype in CNS myelination.

Conclusion

Here we describe the selective expression of PTPRD in mature oligodendrocytes and its
contribution to initial myelination during development. PTPRD mutation does not
significantly alter oligodendrocyte differentiation in mice, suggesting possible function
redundancy from other axon-oligodendrocyte interaction factors or RPTP family members.
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Figure 1.

Spatiotemporal expression of PTPRD in the developing spinal cord. Spinal cord sections
from E18.5 (A,A"), P3 (B,B’), P7 (C,C’), P15 (D,D’) and P30 (E,E’) wild-type animals were
subject to in situ RNA hybridization (ISH) with PTPRD riboprobes. Arrows show the
PTPRD+ cells in the white matter. A’-E’, higher magnification of the ventrolateral region of
A-E. Scale bars: 100 um.
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Figure 2.
Selective expression of PTPRD in differentiated oligodendrocyte lineage. A-C, P7 wild-

type mouse spinal cord and corpus callosum sections were subjected to PTPRD ISH
followed by anti-APC immunohistochemical staining. Double positive cells are represented
by blue arrows; PTPRD positive only motor neurons are indicated by red arrowheads (B).
D-F, P4 spinal cords from wild-type (D), Oligl—-/- (E) and CNP*/cre:Nkx2.2f/fl (F) were
hybridized with PTPRD riboprobe. PTPRD expression in the white matter region was
dramatically reduced in Olig1-/- and CNP*/c"¢;Nkx2.2f/fl mutants. Scale bar: 100 pm.
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Normal oligodendrocyte differentiation and myelin gene expression in PTPRD mutants.
Traverse spinal cord sections from P7 wild-type (A, B, C, D) and PTPRD knock-out (A, B/,
C’, D’) littermates were subjected to immunostaining with anti-Olig2 (A, A") or anti-APC
(B, B"), and in situ hybridization with MBP (C, C’) or PLP (D, D’). Scale bar: 50 pm. E,
Western immunoblotting of postnatal day 7, 14 and 2 months spinal cord extracts from wild-
type and PTPRD mutants with anti-MBP and anti-p-actin antibodies. Comparable MBP
expression was detected in PTPRD knock-out mice as compared to wild-type littermates.
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Figure 4.
Normal differentiation and maturation of oligodendrocytes in PTPRD mutant mice. Traverse

spinal cords sections from P4 wild-type (A, B) and PTPRD knock-out (A’, B") littermates
were immunostained with anti-Olig2 (A, A"), anti-APC (B, B’). Similarly, spinal cords
sections from P14 wild-type (C, D, E) and PTPRD knock-out (C’, D/, E’) were subjected to
immunostaining with anti-Olig2 (C, C’) or anti-APC (D, D’), and in situ hybridization with
PLP (E, E'). No significant difference is detected between wild-type and knock-out mutants.
Scale bar: 50 um.
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Axon myelination defects in the spinal cords of PTPRD mutants. A-C’, EM analysis of
myelinated fibers in spinal cord sections from wild type and PTPRD mutant mice at P4 (A-
A), P7 (B-B’) and P14 (C-C’). D, Percentage of myelinated axons per micrograph in the
wild type and mutant mice at different developmental stages (n=3). E, g-ratio of fibers in the
wild-type and mutant mice at various stages. Data were represented as Mean£S.E.M. *, p <

0.05. **, p<0.01. n.s., not significant. Scale bar: 2 pm.
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Figure 6.

Electrophysiological and behavior test in PTPRD mutants. A, B, Latencies and amplitudes
of the tctMMEP recordings from adult wild-type and PTPRD mutants. C, Beam walking
assay. Data were represented as Mean%S.D., n=4 animals. n.s., not significant.
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Figure 7.
Elevated expression of PTPRD in regenerated oligodendrocytes during remyelination. In

situ hybridization with PTPRD probe in the corpus callosum in cuprizone-treated mice
during demyelination (A) and remyelination (B). Scale bar: 50 um.
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Figure 8.
Similar OPC differentiation and myelin gene expression in PTPRD mutants during

remyelination. Immunostaining of anti-APC (B-B’), in situ hybridization with MBP (E-E’)
or PLP probes (H-H’) showed severe demyelination of the corpus callosum (delimited by
dotted lines) in wild-type (B, E, H) and PTPRD mutant (B, E’, H") mice after 6 weeks
cuprizone treatment. Compared with wild-type mice, similar expression of APC (C,C’),
MBP (F,F"), and PLP (1,I’) was observed in the corpus callosum area of PTPRD mutant mice
after recovery for 1 week. Scale bar: 50 pm.
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